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REV. A 


This report is one of a series prepared by The Boeing Vertol 
Company, Philadelphia, Pennsylvania for the National Aero- 
nautics and Space Administration, Ames Research Center, Moffett 
Field, California under contract NAS2-6598. The studies reported 
under Volumes I through IV and VIII through X were jointly funded 
by NASA and the U.S. Army Air Mobility Research and Development 
Laboratory, Ames Directorate. Volumes V through VII were 
funded by the U.S. Air Force Flight Dynamics Laboratory, Wright 
Patterson Air Force Base, Ohio. 

This contract was administered by the National Aeronautics and 
Space Administration. Mr. Richard J. Abbott was the Contract 
Administrator, Mr. Gary B. Churchill, Tilt Rotor Research 
Aircraft Project Office, was the Technical Monitor, and coor- 
dination and liaison with the U.S. Air Force Flight Dynamics 
Laboratory was through Mr. D. Fraga. 

The complete list of reports published under this contract is 
as follows: 

Volume I — Conceptual Design of Useful Military and/or 
Commercial Aircraft, NASA CR-114437 

Volume II — Preliminary Design of Research Aircraft, NASA 
CR-114438 

Volume III — Overall Research Aircraft Project Plan, Schedules, 
and Estimated Cost, NASA CR-114439 

Volume IV — Wind Tunnel Investigation Plan for a Full Scale 
Tilt Rotor Research Aircraft, CR-114440 

Volume V — Definition of Stowed Rotor Research Aircraft, 

NASA CR-114598 

Volume VI — Preliminary Design of a Composite Wing for Tilt 
Rotor Aircraft, NASA CR-114599 

Volume VII — Tilt Rotor Flight Control Program Feedback Studies, 
NASA CR-114600 

Volume VIII — Mathematical Model for a Real Time Simulation of 
a Tilt Rotor Aircraft (Boeing Vertol Model 222) , 
NASA CR-114601 

Volume IX — Piloted Simulator Evaluation of the Boeing Vertol 
Model 222 Tilt Rotor Aircraft, NASA CR-114602 

Volume X — Performance and Stability Test of a 1/4.622 Froude 
Scaled Boeing Vertol Model 222 Tilt Rotor Aircraft 
(Phase 1), NASA CR-114603 
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ABSTRACT 

This report presents the results of a study of folding tilt 
rotor (stowed rotor) aircraft. The effects of design cruise 
speed on the gross weight of a conceptual design USAF Search 
and Rescue stowed rotor aircraft are shown and a comparison 
is made with a conventional (non-folding) tilt rotor aircraft. 
A flight research stowed rotor design is presented, based on 
modifications to the NASA/Army tilt rotor demonstrator air- 
craft (Boeing Model 222). The program plans, including costs 
and schedules, are shown for the research aircraft development 
and a wind tunnel plan is presented for a full scale test of 
the aircraft. 
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1 . 0 SUMMARY 


This report presents the results of a study of folding tilt 
rotor (stowed rotor) aircraft. The stowed rotor is a varia- 
tion of the basic tilt rotor design and has rotors which can 
be stopped (feathered) and folded in flight into smoothly 
faired wing tip nacelles while propulsion is provided by cruise 
fans. The advantage of this concept over the basic tilt rotor 
is that it is capable of higher cruise speeds 
while retaining the low speed rotor-borne agility and hover 
capability of the tilt rotor. This study is a follow-on 
counterpart to a study performed in 1971-72 on tilt rotor air- 
craft and includes identical considerations: 

a. Conceptual design of useful aircraft for the 

1975-80 time period 

b. Preliminary design of a research aircraft for 

proof-of-concept demonstration 

c. Program plans, cost, and schedules for a 

research aircraft program 

d. Test plan for a full scale wind tunnel test 

of the research aircraft to be conducted 

prior to the flight test program 

The conceptual design study (part a) includes a direct compari- 
son of tilt rotor and stowed rotor aircraft for a range of de- 
sign cruise speeds from 300 knots to 450 knots for a USAF 
Search and Rescue (SAR) mission. A gross weight cross-over 
point is shown to exist at about 360 knots design peed. For 
required cruise speeds in excess of that cross-over point, the 
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stowed rotor is lighter than the tilt rotor while the tilt 
rotor is lighter at the lower speeds. The design gross weight 
is shown to increase rapidly with cruise speed above the speed 
at which cruise and hover requirements for installed power 
exactly match. Based on that consideration, design point air- 
craft were selected for both tilt rotor and stowed rotor con- 
cepts, each with closely matched cruise and hover requirements. 
The stowed rotor, designed for 400 knots cruise speed, weighs 
19070 pounds and uses 30.3 foot diameter rotors. The tilt 
rotor, designed for a 300 knot cruise capability, weighs 
15,631 pounds and has 27 foot rotors. 

The preliminary design study (part b) discusses the modifica- 
tions required to the Boeing Model 222 tilt rotor research 
aircraft in order to demonstrate stowed rotor capabilities. 

The aircraft uses the 26 foot diameter rotors designed for the 
Model 222, one of which has been built and successfully tested 
in the NASA Ames 40 ft x 80 ft wind tunnel. The rotor hubs 
were modified to permit folding of the blades. The Lycoming 
T53-L-13B (modified) engines of the Model 222 are retained 
for rotor drive, although they are moved inboard to approxi- 
mately 80% span to facilitate folding of the blades. For 
cruise flight, Garrett Airesearch TFE-731-2 turbofans are 
mounted on the wing further inboard (approximately 55% span) . 
Design gross weight for the aircraft is 15,750 pounds compared 
to the 12,000 pounds of the March 1972 tilt rotor demonstrator 
aircraft. 
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2.0 INTRODUCTION 

In March 1972, the Boeing Company completed a study of tilt 
rotor aircraft (References 1 through 4) under the joint spon- 
sorship of NASA and the U.S. Army. That study covered the 
conceptual design of useful military and civil tilt rotor 
aircraft for the 1975-1980 time period, the preliminary design 
of a flight research aircraft, program costs and schedules, 
and the development of a wind tunnel test plan for a full 
scale tilt rotor test. It was shown that the existing tech- 
nology base is sufficient to start building a technology 
demonstrator aircraft now, leading to useful tilt-rotor air- 
craft for military and/or civil applications in the 1975-1980 
time period. That study was part of a current NASA/Army- 
sponsored program to design and develop two flight research 
tilt rotor aircraft, providing final verification of the 
status of technology and demonstrating the operational poten- 
tial of the tilt rotor concept. 

Concurrently with the development of tilt rotor technology, 
supported primarily by NASA, the U.S. Army, and the aircraft 
industry, studies have been conducted under U.S. Air Force 
sponsorship of the folding-tilt-rotor aircraft. This concept, 
a variation of the basic tilt rotor, is designed with rotors 
which can be stopped in flight so that the blades can be folded 
into wing-tip-mounted nacelles. Propulsion is provided by 
convertible engines which are capable of supplying shaft power 
for the rotor-drive or fan power for cruise flight. 
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Boeing studies conducted in 1971 for the U.S. Air Force Flight 
Dynamics Laboratory (Reference 5) were centered on stowed rotor 
aircraft for three different missions - rescue, capsule re- 
covery, and transport. These, aircraft weighed between 67,000 
„nd -35,000 pounds, based on the requirement to meet very strin- 
ger; . mission criteria. For example, the search and rescue 
aircraft at 67,000 pounds carried a crew of five, picked up 
1200 pounds of rescuees (6 men) at the mid point of a 500 n.m. 
rad; us hi-lo-lo-hi mission and was required to hover at mid 
poi: t with one engine inoperative. By comparison, the search 
and rescue tilt rotor aircraft of the recent NASA/Army study, 
with carefully selected reductions in mission requirements, 
weighed 16,970 pounds. This aircraft flew a 500 n.m. hi-hi 
r ission with a crew of four, picked up 3 rescuees at mid point 
and did not have an engine-out requirement. 

I.i addition to the conceptual design studies of the stowed tilt 
rotor aircr-i-t, analytic development and wind tunnel tests 
(References 6 through 12) demonstrated that the additional 
technology was available to bridge the gap between the tilt 
rotor and stowed-tilt-rotor aircraft. Development of a flight 
research airc-'.ift is the next logical step. 

In 1972, with the growing interest in the tilt rotor concept 
and wrth the development of a strong NASA/Army program to 
’ lild and flight-test two tilt rotor research aircraft, the 
U.S. Air Force Flight Dynamics Laboratory asked Boeing, 




4 



D222-10060-1 


through an add-on to the NASA contract, to re-examine the 
stowed rotor aircraft program with the following objectives: 

1. Compare the potential operational capabilities 
of the stowed rotor aircraft with those of one 
or more of the conceptual design tilt rotor 
configurations from the NASA/Army study using 
common design ground rules. 

2. Do a preliminary design of a stowed rotor 
research aircraft, based on either modifying 
the tilt rotor flight demonstrator or on a 
new research aircraft development. 

3. Define the program costs and schedules to 
develop the recommended research aircraft. 

4. Establish a plan for the wind tunnel test 

of the full scale stowed rotor research aircraft. 

This report presents the results of that study. Section 3 
describes the conceptual design of useful aircraft for the 
1975-80 time period. Section 4 discusses the preliminary 
design of a stowed rotor research aircraft. Sections 5 and 6 
present plans for the research aircraft development and wind 
tunnel test respectively. 
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3.0 CONCEPTUAL DESIGN OF STOWED ROTOR AIRCRAFT 
3.1 INTRODUCTION 

The conceptual design study of useful tilt rotor aircraft con- 
ducted by Boeing in 1971-72 (Reference 1) resulted in showing 
that the U.S. Air Force SAR (Search and Rescue) mission effec- 
tiveness can be significantly improved by application of the 
tilt rotor which combines the capabilities of the helicopters 
and fixed wing aircraft which are currently used as a coordi- 
nated rescue team. 

Three other missions were identified in Reference 1 study as 
being desirable for the tilt rotor but were not studied for 
stowed rotor application because improved speed was of less 
importance. The other missions are a U.S. Army MAVS, U.S. Navy 
Sea Control aircraft, and Civil offshore oil rig support air- 
craft. Of the four missions, only the USAF SAR would obtain 
sufficient additional benefit from the increased speed capabi- 
lity of the stowed rotor concept to offset its additional de- 
sign and manufacturing complexity and its increased size and 
cost. 

For the SAR mission, the key factor is the reaction time of the 
rescue system relative to that of the hostile force in the 
vicinity of the rescue site. Improved responsiveness is 
clearly the element of greatest importance for a successful 
rescue. Consequently, of the four missions identified 
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for the tilt rotor in the 1975-80 time period, only the SAR 


mission was re-examined for the stowed rotor concept. 

Early in the study the effort was broadened, at government 
request, to compare the effects of design cruise speed on the 
gross weight of the stowe4 rotor and the tilt rotor. Both 
stowed rotor and tilt rotor aircraft were studied over the 
range of design speeds from 300 knots to 450 knots. 
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3.2 TRADEOFF STUDIES 

3.2.1 DESIGN CONSIDERATIONS 

3. 2. 1.1 Mission Profile 

The aircraft defined in the study were sized to perform a 500 
NM Search and Rescue (SAR) mission (Figure 3-1) . This is a 
"HI-HI" mission consisting of a takeoff at SL/95°F, climb to 
optimum altitude, cruise out at NRP to the 500 NM radius, hover 
for 1/2 hour at 5000 ft/95°F and recover three (3) rescuees, 
and return without inflight refueling. The optimum cruise 
altitude (based on minimum fuel) was found to be 20,000 ft. 

The aircraft were assumed to carry a four-man crew consisting 
of two pilots, a crew chief, and a paramedic. The mission load 
was specified as 150 lb of rescue equipment (litters, forest 
penetrator, rescue sling, etc.), airborne electronics and 
equipment required to locate the rescuee, and a 5.56 mir. machine 
gun and ammunition. 

The engines, rotors, and drive system were sized by an alternate 
mission requirement. This was that the aircraft be capable of 
hovering at the mission midpoint at T/W®1.1 with a total of 
seven rescuees - the additional four rescuees being the crew 
of a downed sister ship. It was assumed that inflight refuel- 
ing would be allowed under these conditions so that the mission 
fuel requirement is determined by the basic mission shown in 
Figure 3-1. 
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FIGURE 3-1. DESIGN MISSION PROFILE - SAR HI-HI MISSION 
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3. 2. 1.2.1 Wing Planform 

It is desirable, for a number of reasons, to use an unswept 
wing on the stowed rotor aircraft. The reasons are: 

1) The importance of placing the longitudinal 
position of the nacelle hinge in reasonable 
proximity to the aircraft center of gravity 
and the wing aerodynamic center, to reduce 
pitch control requirements in hover. 

2) The geometric complications related to 
wing-to-rotor clearance and nacelle overhang 
which are introduced with the use of an aft swept 
wing. 

3) Minimization of tooling and materials complexity 
and overall reduction in manufacturing cost 
inherent to the straight, untapered wing design. 

4) The elimination of either a bevel box or a 
universal coupling for the interconnecting 
cross shaft at the center of the fuselage which 
would be required with a swept wing. 

For these reasons, a straight, untapered wing was selected for 
the aircraft in this study. 
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3. 2. 1.2. 2 Airfoil Section and Thickness 

The selection of a straight, untapered wing immediately led to 
a study of wing thickness and its relationship to drag diver- 
gence Mach number. Thick wings are desirable both from a 
weight-for-strength consideration and to provide adequate 
stiffness to eliminate potential dynamic problems with air 
resonance or whirl flutter (although this latter mode is not 
a consideration for the stowed rotor since its high speed 
flight is with rotors folded, it is a potential problem fo.. 
the tilt rotor) . Wing strength is a particularly important 
consideration for these configurations, since they are literally 
picked-up by the wing tips in hover flight. Although thick 
wings provide the needed strength and stiffness at minimum 
weight, they also reduce the drag divergence Mach number. 

The stowed rotor aircraft considered in this study have flight 
Mach numbers up to 0.732 (450 knots at 20,000 foot altitude). 

Use of conventional NACA airfoil sections would require wing 
thickness no greater than 13% to avoid drag divergence at those 
flight speeds. This would result in a significant weight 
penalty relative to the tilt rotor aircraft of Reference 1 
which used airfoils of 21% thickness. 

Fortunately, recent research has led to the development of the 
supercritical airfoil and has dramatically increased the drag 
divergence Mach number for thick airfoils. Figure 3-2 compares 
the capabilities of the conventional NACA 63 series airfoil 
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with today's advanced tachnology airfoil. This indicates that 
a 21% thick section can be used while maintaining a drag diver- 
gence Mach number of 0.75, thus meeting the flight requirements 
for aircraft designed for speeds up to 460 knots. As a result 
of these considerations, the wing thickness was selected as 
21 %. 


3. 2. 1.2. 3 Wing Loading 

A limit is impor.od on wing loading by blade loads encountered 
during conversion (rotor spin up/down, fold/unfold) . 

During spin-up and spin-down the rotor passes through the one- 
per-rev resonance crossover where blade loads pea 1 ', rather 
sharply . 

Reference 12 showed that the two operational parameters which 
have the most effect on these blade loads are airspeed and 
angle of attack with the latter being the more powerful. Angle 
of attack can be reduced either by lowering the flaps or in- 
creasing the airspeed. The speed range in which conversion 
occurs can be lowered by reducing wing loading at a fixed angle 
of attack. 

It was assumed that conversion would nominally take place at a 
speed of 1.3 V STALL , with variations up to 1.4 5 V STA1(L , using 
maximum effective flap deflection. The conversion speed 
should also not be less than 1.2 VsTALL' flaps up. The follow- 
ing constraints were placed on end-of-conversion speed to 
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ensure satisfactory blade loads throughout conversion: 

a. Nominal conversion at a speed no greater than 
175 KEAS 

b. Maximum conversion speed, including flight 
path variations and/or flaps retracted, not 
to exceed 200 KEAS. 

The equivalent airspeeds corresponding to these conditions are 
plotted versus wing loading in Figure 3-3. The conversion 
speed criteria result in a maximum wing loading of 109 psf. 

This was used for the stowed rotor aircraft of this study. 

3. 2. 1.2. 4 Wing Aspect Ratio 

Increasing the wing aspect ratio, for a given wing area, in- 
creases the structura 1 weight required to provide adequate 
strengtn: 

a) The root bending moment in hover increases 
due to increased semispan. 

b) The wing structural box reduces in size due 
to both reduced chord and thickness (for 
constant t/c) . 

Increased wing structural weight, from strength considerations, 
is olfset by reduced induced drag, and therefore reduced fuel 
required, as the aspect ratio increases. However, for the tilt 
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rotor aircraft, wing stiffness and natural frequency in bending 
and torsion must be carefully controlled to avoid potential 
problems with the aeroelastic air resonance and whirl flutter 
modes. Based on Boeing experience with tilt rotor designs, the 
aspect ratio was constrained to values less than 8.0 to avoid 
excess weight penalties from wing frequency considerations. 

3.2. 1.3 Transmission and Rotor Design 

In the study of Reference 1, the transmissions and rotors of 
the tilt rotor aircraft were structurally designed by the maxi- 
mum rated horsepower of the engine at the hover rpm. This 
criterion is somewhat conservative since, for the design mission, 
the maximum operating torque - which dictates the transmission 
weight - occurs at the 20,000 ft. cruise condition and the 
maximum operating power - which is used in the rotor weight 
trend equations - occurs at the mid-point hover. A reduction 
in transmission and rotor weight and a corresponding de-escala- 
tion of the weight of other structure could have been achieved 
by designing to the critical operational level of torque and 
power rather than to the rated level. However, since it 
simplified the sizing analysis and provided an increased margin 
of performance at sea level, standard day conditions, the full 
rated power was used to size the rotors and transmissions. 

Applying this criterion to the stowed rotor aircraft of this 
study however, would impose a significant weight penalty since 
the rotor transmissions are used only during hover and low 
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speed flight operations; the cruise fans being used for maxi- 
mum speed cruise. Therefore, for the stowed rotor aircraft 
of this study, the transmissions and rotors were designed to 
accept the maximum operating torque and power, which in all 
cases occurs at the mid point hover condition. 

In order to obtain a valid weight comparison, the tilt rotor 
aircraft of this study were designed to similar ground rules. 
As a result, it will be seen that the design point tilt rotor 
of this study is approximately 8% lighter than the correspond- 
ing design from the Reference. 1 study. For the tilt rotor 
aircraft defined here, the transmissions are designed for 
Military Power at 20,000 ft., standard day conditions and for 
a rotor speed of 70% hover rpm. This provides a small speed 
margin relative to the design cruise speed since the design 
point was dictated by a specified cruise speed at Normal 
Rated Power. The rotor weights are based on the mid point 
hover power, T/W=l.l at 5000 ft., 95°F. 

The rotors considered in the study were assumed to be of the 
same hingeless design as the rotor defined for the Tilt Rotor 
Research Aircraft in NASA CR-114438, "Preliminary Design of 
Research Aircraft", Reference 2. The blades are assumed to 
be rectangular in planform. The same basic design and type 
of construction was assumed and the same weight factors were 
used. The only design difference in the case of the stowed 
rotor was in the incorporation of blade fold mechanisms into 
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the hub design. Rotor weight factors were adjusted to take 
this into account. 

In Reference 16, Cook and Poisson-Quinton have pointed out that 
the cruise performance of the low disc loading rotor can de- 
teriorate rapidly with increasing speed at Mach numbers above 
the design point. However, by designing the rotor specifically 
for high speed flight, such as use jf supercritical airfoils, 
tailored thickness distribution, etc. it should be possible to 
retain reasonable cruise efficiencies to Mach numbers approach- 
ing 0.7. In order to show the effect of high speed rotor 
performance on the tilt rotor - stowed rotor tradeoff, two 
different cruise efficiency vs. Mach number curves were used 
for the tilt rotor aircraft. These are shown in Figure 3-4. 

The effect of the assumed rotor cruise performance is discussed 
in Section 3. 2. 2. 3. 

3. 2. 1.4 Engine Characteristics 

3. 2. 1.4.1 Engine Cycles 

The stowed rotor aircraft use convertible fan engines for pro- 
pulsion in cruise and in hover. These power plants utilize 
a turboshaft core engine which is geared either to a forward 
fan in cruise or to the rotors in hover. The manner in which 
these components are geared together is described in AFFDL-TR- 
71-62 Volume 1, "Design Studies and Model Tests of the Stowed 
Tilt Rotor Concept", Reference 5. 






D222-10060-1 

The convertible engines used in this study were based on the 
GE TF-34/S1 as a core engine. This engine was combined with 
a series of forward fans with various bypass ratios. The per- 
formance characteristics of the composite engines were then 
reduced to a referred basis ("rubberized"). The internal 
logic of the VASCOMP program (used for sizing and performance 
analysis) converted the engine from a thrust-producer in 
cruise to a power-producer in hover. 

A conventional turboshaft engine geared to the rotors is used 
to power the tilt rotor aircraft. The engine cycle used for 
the tilt rotor aircraft in this study is based on Lycoming PLT- 
27 technology. Again, the characteristics of the engine have 
been "rubberized" or reduced to a referred basis. 

Although different engines were used for the stowed rotor and 
tilt rotor, the TF-34 and PLT-27 engines represent the same 
level of technology based on comparable values of pressure 
ratio, turbine inlet temperature, specific fuel consumption 
and specific power. 

3. 2. 1.4. 2 Bypass Ratio Selection 

An early task in the study was to determine the optimum fan 
bypass ratio for the stowed rotor aircraft. A configuration 
study was done in which wing loading varied from 80 to 120 psi . 
disc loading varied from 10 to 15 psf, and engine bypass ratio 
varied from 2 to 10. 
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The resulting trends of design gross weight with disc loading 
and bypass ratio are shown in Figure 3-5 for the limit wing 
loading (109 psf) and the 400 kt design speed. The trends 
shown are fairly typical of those obtained at other design 
speeds between 300 and 500 knots. 

All of the design ground rules described in this section were 
observed with the exception that the transmission torque limit 
was not applied. (This was a design refinement incorporated 
later in the study.) As a result, the design gross weights 
obtained do not match those obtained in the latter part of the 
study. The trends shown are still considered to be valid, 
however, and a bypass ratio of 4 was used in sizing the stowed 
rotor design point aircraft. 

A similar study was done to investigate the effect of bypass 
ratio on engine performance. Cruise thrust was computed for 
normal power at 20,000 ft/STD for various bypass ratios for a 
representative gas generator of 2500 horsepower rating. These 
data are shown in Figure 3-6. The results indicate that the 
bypass ratio for maximum engine performance decreases as speed 
increases . 

A cross-plot of thrust versus bypass ratio at the 400 kt stowed 
rotor design speed is shown in Figure 3-7. These results lend 
further support to the selection of 4.0 as the design bypass 
ratio for the stowed rotor design point SAR aircraft. 
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3.2. 1.5 Aircraft Drag 
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Simplified drag models were used for both the stowed and tilt 
rotor aircraft. These models represent the drag of the air- 
craft as simple linear functions of wing area. The methods of 
Boeing Document D8-2194-1, "Drag Estimation of V/STOL Aircraft", 
Reference 13, were used to calculate the intercept and slope 
of the trend curves. 

The drag trends used are shown in Figure 3-8a. The tilt rotor 
trend is identical to that presented in NASA CR-114437, "Con- 
ceptual Design of Useful Military and/or Commercial Aircraft", 
Reference 1. The stowed rotor drag trend was developed in a 
similar manner for the aircraft exclusive of the engine nacelles. 
Size trends were developed which gave nacelle length, diameter, 
and wetted area as a function of bypass ratio and rated thrust. 
These size trends were used to develop engine nacelle Af e 
curves as shown in Figure 3-8b. 

3 . 2 . 1 . 6 Criteria for Selecting Design Point Aircraft 
3. 2. 1.6.1 Stowed Rotor Aircraft 

The stowed rotor aircraft were sized to meet the mission re- 
quirements described in Section 3. 2. 1.1. In addition, the 
following design constraints were imposed: 

1. Thrust-weight ratio capability at the mission 
mid-point of at least 1.1 with seven (7) 
rescuees aboard (See Section 3. 2. 1.1). 
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2. Maximum hover disk loading of 15 p3f. 

3. Rotor solidity greater than .058. 

4. Wing loading less than 109 psf . \ 

\ See Section 3. 2. 1.2 

5. Wing aspect ratio less than 8. j 

In general, these constraints are the result of practical con- 
siderations in the design of tilt/stowed rotor aircraft. The 
disc loading limit, for example, was imposed to avoid excessive 
downwash velocities in hover. Downwash velocity immediately 
below the rotor is directly related to disc loading. At high 
disc loadings, the resulting high downwash velocities would tend 
to hamper rescue operations. 

A maximum thrust coefficient to solidity ratio, Gj/o, of 0.135 
was used, based on rotor stall flutter considerations. However, 
in no event was tne solidity permitted to fall below a value 
of 0.058. 

This limit is based on practical design and manufacturing con- 
siderations related to blade torsional and flapping stiffness 
requirements . As rotor blades become narrower and thinner at 
the lower solidities it becomes more and more difficult to 
tune them and still meet design fatigue life requirements. 

The stowed rotor aircraft defined in the study are, in general, 
defined by the intersection of two boundaries defined by the 
constraints enumerated above (although there may be "triple 
points" at which three constraint conditions coincide) . This 
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is shown in the sketch below which illustrates the manner in 
which the various constraints influence the design point selec- 
tion. 


DESIGN 

GROSS 

WEIGHT 



This figure is a carpet plot of design gross weight versus wing 
loading and dis;c loading at a specified cruise speed. The 
boundaries defined by the constraints are superimposed on it 
and define a design "window" in which design points are allowed. 
The design point aircraft is selected at the boundary inter- 
section that gives the lowest design gross weight. 

3. 2. 1.6. 2 Tilt Rotor Aircraft 

The tilt rotor aircraft were sized to the same mission require- 
ments as the stowed rotor aircraft (Section 3. 2. 1.1). Addi- 
tionally, the following design constraints were imposed. 
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1. Thrust-weight ratio capability at the mission 
mid-point of at least 1.1 * *th seven rescuees 
aboard (See Section 3. 2. 1.1). 

2. Maximum hover disc loading of 15 psf 

3. Rotor solidity greater than .058 

4. Wing chord to rotor diameter ratio of 0.2 

A different wing design constraint is used for the tilt rotor 
aircraft because it is rotor-driven in cruise and the wing 
must be configured to avoid static divergence and whirl flutter. 
Specifying chord to diameter ratio is equivalent to specifying 
wing aspect ratio. This is because wing span is directly re- 
lated to rotor diameter (b*DIA + 7.5') and chord is also di- 
rectly proportional to diameter when the chord/diameter ratio 
is fixed. As a result, the aspect ratio varies between 6.5 
and 6.0 for a range of diameter between 25 feet and 37.5 feet. 
Previous design experience has shown that a chord-diameter 
ratio of 0.2 gives aspect ratios in the range required to 
adequately control these modes without excessive weight penal- 
ties. With wing configuration fixed in this manner, wing 
loading becomes a function of disc loading. Therefore, rotor 
diameter becomes the design parameter. The procedure for se- 
lecting the design point aircraft then became a matter of sizing 
aircraft for a series of rotor diameters and determining the 
minimum weight configuration corresponding to the most critical 
of the first three design constraints. 
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3.2.2 DESIGN POINT SELECTIONS 

3.2. 2.1 Stowed Rotor 

For each design cruise speed, a parametric family of stowed 
rotor aircraft were sized to meet the mission requirements 
discussed in Section 3. 2. 1.1. Each design point in this 
family of aircraft was defined by a specific combination of 
wing loading and disc loading. An example of the results, in 
terms of design gross weight and required power, is shown in 
Figures 3-9 and 3-10 for a design cruise speed of 400 knots. 
Shown as overlays on these carpet plots are curves representing 
the limiting values of each of the five design constraints. 

It is seen that the lightest aircraft, for the 400 knot design 
cruise speed, is defined by the combination of aspect ratio 
and wing loading limits. This point also corresponds to the 
lowest required gas producer power. Design gross weight is 
19070 pounds and power required is 2455 horsepower per engine. 
The rotor diameter is 30.3 feet and disc loading is 13.3 psf. 

3. 2. 2. 2 Tilt Rotor 

For the tilt rotor, at each design cruise speed, the effect of 
rotor diameter on the important aircraft performance and design 
characteristics was evaluated as shown in Figure 3-11. For the 
300 knot design condition, as shown in this figure, the design 
point is dictated by the maximum disc loading constraint (15 
psf). Lighter aircraft could be achieved by using smaller 
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diameter rotors , but this would require disc loadings greater 
than 15 psf. It is seen that, for this speed, the mid point 
hover and the cruise requirements are nearly matched, with the 
mid point thrust to weight ratio (T/W®1.12) being just greater 
than the minimum required value of 1.10. The design point 
aircraft has a design gross weight of 15630 pounds and a rotor 
diameter of 25.8 feet. Although not shown, the installed 
engine power is 1846 shp/engine. The difference in size be- 
tween this aircraft and the design point SAR of Reference 1 
(WT = 16970 lb., DIA = 27.0 ft.) is directly attributable to 
the different ground rules for transmission and rotor struc- 
tural design (See Section 3. 2. 1.3). 

The difference in disc loading for the stowed rotor (13.3 psf) 
and the tilt rotor (15 psf) is due to the difference in per- 
missible aspect ratio. The tilt rotor wing, designed by chord 
to diameter ratio of 0.2, has an aspect ratio of 6.5. Had 
aspect ratio been permitted to increase to a value of 8.0, 
as on the stowed rotor, the design point diameter would have 
increased with an accompanying reduction in disc loading. The 
mid-point hover thrust to weight ratio would have been the 
design parameter. 

3 . 2 . 2 . 3 Comparison of Stowed Rotor and Tilt Rotor Design 
Point Aircraft 

Stowed rotor and tilt rotor aircraft were sized at design 
cruise speeds across the speed range from 300 to 450 KTAS. As 
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a result it is possible to show the weight penalties incurred 
by increasing design speed and also to determine the crossover 
point at which the stowed rotor is more economical than the 
tilt rotor. 

The stowed rotor and tilt rotor aircraft obtained are shown 
for comparison in Figure 3-12, For the tilt rotor, the effect 
of rotor cruise efficiency is shown, corresponding to the two 
different n CR trends of Figure 3-4. The aircraft at points 
along each of the curves are minimum weight aircraft con- 
sistent with the design constraints described in Section 
3. 2. 1.6. For example, for the tilt rotor aircraft it was 
found that increasing the disc loading by reducing rotor dia- 
meter led to an overall reduction in gross weight and power 
required. However , since the disk loading is limited to 15 psf , 
the lightest permissible aircraft was defined by the limit 
disc loading (See Figure 3-11) . 

In general, both types exhibit a rapid weight increase with in- 
creasing design speed. For the tilt rotor this rapid increase 
begins at about 296 KTAS. For the stowed rotor the rapid 
weight increase begins at 388 KTAS. It is at these points 
that the aircraft have evenly matched hover and cruise power 
requirements. That is, the installed power is just sufficient 
to enable the aircraft to cruise at the specified speed and to 
meet the hover thrust-weight ratio requirement at the midpoint. 


/ 
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For the tilt rotor aircraft the match-point occurs at 296 
KTAS. For design speeds greater than this, it is necessary 
to observe the restriction on disc loading. Consequently, 
all the aircraft in this range have midpoint hover thrust-to- 
weight ratio values in excess of 1.1. All of the tilt rotor 
aircraft designed for cruise speeds below 296 KTAS have matched 
hover and cruise power requirements. However, design disc 
loading decreases as speed decreases. 

For the stowed rotor, the power-match point occurs at 388 KTAS 
with the optimum combination of design parameters being aspect 
ratio of 8 and wing loading of 109 psf. For speeds below 388 
knots, it is more desirable to reduce wing loading than aspect 
ratio. The aspect ratio is held at a value of 8.0 and mid- 
point thrust to weight capability is held at a value of 1.1. 

As was true with the tilt rotor, as speed is reduced, the de- 
sign disc loading for the stowed rotor reduces. Finally, 
when design speed for the stowed rotor is reduced to 329 KTAS, 
the limiting value for solidity is reached (a=.058). For 
speeds below 329 knots, in order to maintain the solidity and 
thrust to weight limits, it is necessary to reduce aspect 
ratio below the value of 8.0, and design gross weight begins 
to increase. 

The gross weight crossover for the two configurations occurs 
at 359 KTAS, when the rotor on the tilt rotor aircraft is 
designed for high speed flight. Above this speed the stowed 
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rotor is lighter while the tilt rotor is the ligher configura- 
tion for speeds below 359 knots. 

From these curves, design point aircraft were selected for each 
configuration type. These points were selected on the basis 
of proximity to the hover-cruise match points where gross 
weight first starts to increase rapidly. The design charac- 
teristics of each are discussed in Section 3.3. 

Although the effects of rotor cruise efficiency for the tilt 
rotor are shown on Figure 3-12, it should be noted that it is 
unrealistic to assume that a 300 knot rotor would be applied 
to aircraft designed for higher speed operation. By designing 
the rotor specifically for high speed flight it should be 
possible to approach the capabilities defined by the curve 
labeled "optimized rotor design". Since the design point 
aircraft was picked for 300 knot cruise flight, these consider- 
ations are more academic than real. 
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3.3 AIRCRAFT DESCRIPTIONS 

3.3.1 CONFIGURATIONS AND DESIGN DESCRIPTION 

3 . 3 . 1 . 1 Stowed Rotor SAR Aircraft 

The design point Stowed Rotor SAR aircraft is shown in three- 
view in Figure 3-13. The aircraft is quite conventional in 
layout with the exception of the stowable rotor pods mounted 
on the wing tips. The aircraft can either be flown in the 
V/STOL mode with rotor blades deployed or as a conventional 
airplane with rotor blades folded. The aircraft can be flown 
as a CTOL but would require takeoff distances of the order of 
5000 ft. 

The soft-in-plane hingeless rotors are designed to be stowed 
for high speed forward flight. The soft-in-plane rotor pro- 
vides excellent flying qualities characteristics in the V/STOL 
mode as well as freedom from aeroelastic problems. In flight, 
the rotors tilt from hover position (rotor disc horizontal) 
to cruise position (rotor diuc vertical) . From cruise posi- 
tion, each rotor blade folds around a hinge on the hub to a 
position flush with the nacelle fairing for a reduction of 
drag in forward flight. 

The blade folding kinematics diagram is shown in Figure 3-14. 
This figure illustrates the end position of the folded blades 
relative to the wing and the applicable geometry. Figure 3-15 
depicts the rotor hub arrangement. 

40 


V 



D222 -10060-1 


The folding sequence is as follows: with the rotor deployed 

in the hover mode, transition to the cruise mode is effected 
by tilting the rotor system until the rotor disc is in the 
vertical plane. The cruise fan is then clutched on-line and 
brought up to speed. Power is transferred from the rotors to 
the cruise fans until the fans are brought up to cruise thrust. 
The rotor is then declutched and collective pitch reduced until 
the rotors windmill. Collective pitch is then run through the 
profile required to stop the rotor, through the feather posi- 
tion, to a position that applies a negative torque to the rotor. 
When the rotor stops and begins to turn slowly in the opposite 
direction the opposite rotation is sensed by a mechanism which 
trips the index latch. This latch locks the rotor into posi- 
tion for folding when the slowly rotating rotor arrives at the 
index point. (This indexing mechanism is similar to the in- 
stallation on the CH-46). 

With the rotor now positioned, the fold operation automatically 
begins. The fold actuator system is hydraulically pressurized, 
releasing the positive piston lock which in turn transfers 
pressure to the servo system. This moves the piston forward, 
releasing the forward positional lock on the hub barrel. The 
blade and hub barrel, pulled by the fold link, begins to 
rotate around the hinge pivot point. The swashplate actuators 
are programmed to pitch the blades during folding so that the 
blades lie flush to the nacelle fairing at the completion of 
stowing. A sensor identifies the completed fold, engages a 
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blade lock that secures the blade to the fairing, and cuts 
hydraulic pressure to the blade fold system. 

The unfolding sequence is the reverse of the above procedure. 

As discussed previously in Section 3. 2. 1.4.1, the engine used 
in this aircraft is an advanced technology "convertible" engine. 
This engine will have the dual capability of a turbofan or of 
a turboshaft. These engines will be mounted beneath the wing 
at approximately mid-span with a cross shaft connecting the 
input bevel boxes for single engine rotor operation. 

The wing size and geometry has been chosen for the most effi- 
cient and simple structural arrangement and nacelle attachment, 
consistent with the required relationship between nacelle tilt 
pivot and wing for correct CG location in hover and cruise 
flight. 

Collective and cyclic pitch of the rotors, together with nacelle 
tilt, provide control in hover. In the cruise mode, control 
is by conventional airplane control surfaces; elevators, rudder, 
flaperons and spoilers. Leading edge "umbrella" flaps and 
large deflection trailing-edge flaps reduce download in hover. 
Operation of flaps, umbrellas and elevators as well as phasing 
out of the rotor controls is mechanically programmed with nacelle 
tilt to relieve pilot workload. A limited authority SAS in- 
cludes feedback from angle-of-attack , yaw angle and dynamic 
pressure during rotor-operating conditions. This provides 
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increased static stability and reduces blade loads to increase 
fatigue margins. The aircraft can be safely flown with the 
feedback system inoperative. 

The materials used extensively in this design will be of an 
advanced technology nature. Used will be materials like 
fiberglass/boron composite in the blades, graphite-boron and 
PRD-49 composites in skins and control surfaces, etc. Tita- 
nium alloys will be used where feasible. A 26 ft. diameter 
rotor system with the blades constructed of fiberglass/boron 
has already been constructed and wind tunnel tested for 150 
hours under NASA contract NAS2-65Q5. Other advanced materials 
are being tested in Boeing Vertol Engineering Labs in a variety 
of configurations. An advanced technology transmission, of 
the type developed for the Heavy Lift Helicopter, will be used. 

It is proposed to use conventional materials, i.e., steel and 
aluminum alloys for most dynamic components except blades. 

The structural design of the aircraft will conform to the 
appropriate requirements laid down by the relevant military 
agencies. The structure will be optimized to meet the strength 
and stiffness criteria at minimum weight using finite element 
structural analysis computer programs. 

The following installations and equipment have been assumed 
for the search and rescue mission: a minimum of five (5) 

litters and two (2) jump seats; a rescue winch and cable, 
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forest canopy penetrator; portable oxygen equipment; loud 
bailer; radome; two (2) searchlights; terrain radar antennae; 
glide slope receiver antennae; FM homing antennae, X-band 
antennae; TACAN/IFF transponder; IFF interragator (VHF) ; 

HF-SSB antennae? VOR/LOC antennae? radar warning sensor? low 
light level T-V; doppler antennae; marker beacon; sense antennae 
LF-ADF ; ADF loop antennae and crash beacon. 

3. 3. 1.2 Tilt Rotor SAR Aircraft 

The Tilt Rotor SAR Aircraft is depicted in Figure 3-16. This 
aircraft is identical in configuration to that originally de- 
scribed in Reference 1 except that it is slightly smaller be- 
cause of the differences in transmission and rotor sizing 
ground rules discussed in Section 3. 2. 1.3. Design Gross Weight 
is 15631 lb. Rotor diameter is now 25.8 ft. 

The rotors are of the soft-in-plane, hingeless type identical 
in design to the one originally described in Reference 2. This 
design features advanced composite construction in the blades 
and an elastomeric blade retention system. 

Advanced technology turboshaft engines are mounted in nacelles 
fixed to the wing tips. The engines do not tilt with the rotors. 
This arrangement simplifies engine installation design and mini- 
mizes drive system vulnerability. 

Extensive use of advanced technology materials (graphite/boron 
and PRD-49/epoxy composites and titanium alloys) has been 
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assumed in the design of the aircraft. Advanced technology 
transmissions are used. These considerations are the same as 
for the stowed rotor aircraft. 

3.3.2 WEIGHT SUMMARY 

Weight trade studies leading to the selection of the baseline 
configurations were accomplished using the VASCOMP computer 
program, described in Reference 14. The sizing program in- 
cludes a weights subroutine which provides a consistent method 
for rapidly estimating the aircraft's operational weight empty. 
The program divides the empty weight into three groups ;pr vi- 
sion, structures and flight controls. Weight trendc are pro- 
grammed for each group and the program computes their respec- 
tive weights. These are then combined with weight input values 
of fixed useful load, fixed equipment and payload to determine 
the weight of the fuel available for a given gross weight and 
payload. The weight input values were determined from specific 
mission requirements and/or specified equipment lists. 

The weight trends were developed at Vertol from statistical 
and semi-analytical data for existing aircraft. They combine 
geometric, design and structural parameters into an accurate 
weight prediction tool. Examples of the weight trends for 
some of the major weight groups are presented in Figures 3-17 
through 3-20. 
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xgure 3-17: Rotor Group Weight Trend. 





io, ooo r 


] 


D222-10060-1 



Ji 

< 

C 

fr 

x 


X 

o 

e* 

o 

x 

X 

x 

X 




(hi) w:usas 3 Aina jo xhoism 


V 


51 


Fiqure 3-18: Drive System Weight Trend 
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Figure 3-19: Wing Weight Trend. 
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Figure 3-20: Body Group Weight Trend 
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The coefficients in the trend equations are primary inputs to 
the computer program. Selection of the constants depends on 
the type of aircraft being configured - tilt rotor, stowed 
rotor, etc. - material, and level of technology. Special de- 
sign features such as folding rotor blades, tilting nacelles, 
etc. are studied individually and input as a variation of the 
constant or included as a direct weight input in the incremental 
group weight section of the VASCOMP weights input form. 

A detailed description of the VASCOMP weights sub-routine 
appears in Reference 15. 

Summary weight statements for the stowed rotor and tilt rotor 
design point aircraft are presented in Tables 3-1 and 3-2. 

The configuration weights utilize advanced composite materials 
in the structure (wing, fuselage, engine section) and rotor 
assembly. Advanced technology has been considered in the drive 
system (higher Hertz stress levels in the gearing for example) 
for both configurations. Weight savings of between 15 to 20 
percent of the individual groups are realized through the use 
of the advanced materials and advanced technology. 

3.3.3 PERFORMANCE 

The performance characteristics of the stowed rotor and tilt 
rotor aircraft are presented in the following sections. The 
data presented include: 
a. Flight Envelope 
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TABLE 3-1 SUMMARY WEIGHT STATEMENT 
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TABLE 3-2 SUMMARY WEIGHT STATEMENT 
USAF-SAR. (TILT ROTOR) 
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H.P. TOTAL - 
WING AREA - 
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Hover Ceiling 
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c . 


Payload-radius performance is based on an alternate "HI-LO-LO- 
HI" SAR mission profile. The mission, shown in Figure 3-21, 
begins as the design mission does with a climb to 20,000 ft/STD 
and cruise outbound at NRP. At the 60% radius point, however, 
descent is then made (with no range credit) to 3000 ft/95°F 
and the cruise is continued at low altitude. Two speed condi- 
tions, Normal-power speed and 99%-best-range speed, were con- 
sidered for this low-level leg. Midpoint activities are the 
same as the design mission. The HI-LO profile is then reversed 
for the return leg. 

3. 3. 3.1 Stowed Rotor Aircraft 

3. 3. 3. 1.1 Flight Envelope 

The estimated flight envelope for the stowed rotor aircraft is 
presented in Figure 3-22. The data are presented for 19070 lb 
gross weight. The aircraft is in the rotors-f olded or fan- 
propelled mode. 

3. 3. 3. 1.2 Hover Ceiling 

Figure 3-23 shows the out-of -ground-effect hover capability 
for the stowed rotor aircraft. The curves are based on a 10% 
thrust margin for hover (T/W=l.l) which is sufficient to provide 
500 fpm vertical rate of climb capability. The transmission 
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FIGURE 3-21: USAF SAR HI-LO-LO-HI MISSION PROFILE 
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limit is at the military power torque level at 5000 ft/95 °F 
(Section 3 . 2 . 1 . 3 ) . 

3. 3. 3. 1.3 Payload-Radius 

Payload-radius capability based on the HI-LO-LO-HI SAR mission 
(Figure 3-21) is shown in Figure 3-24. Cruising at low alti- 
tude over a portion of the radius has an adverse effect on 
payload-radius performance. For the NRP cruise case the 
internal fuel limit is reached at 400 NM. At this distance 
the aircraft has a 2300 lb payload capability which provides 
a 900 lb payload margin over the basic requirement. The air- 
craft could meet the 500 NM radius requirement with external 
fuel or air-to-air refueling. 

3 . 3 . 3 . 2 Tilt Rotor Aircraft 

3. 3. 3. 2.1 Flight Envelope 

The flight envelope for the tilt rotor aircraft is shown in 
Figure 3-25 for 15631 lb GW. The aircraft is configured for 
the cruise mode: nacelles down and a rotor tip speed of 525 

fps (70% max. ) . 

3. 3. 3. 2. 2 Hover Ceiling 

The out-of -ground-effect hover performance for the aircraft 
is shown in Figure 3-26. Rotor tip speed is 750 fps and a 
10% thrust margin (T/W^l.l) has been assumed. The transmission 
torque limit is fixed by the 20,000 ft military power cruise 
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NOTES : 

1. USAF SAR III-LO-LO-HI 
Mission Profile (Figure 3-21). 

2. Payload Carried Inbound 
Only . 
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•CRUISE AT SPEED FOR 
99% BEST RANGE 
(LOW-LEVEL SEGMENTS) 


2000 


CRUISE AT -> 
NORMAL POWER 


-INTERNAL FUEL 
LIMIT - 5452 LB 


1000 


200 300 400 
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FIGURE 3-24: STOWED ROTOR PAYLOAD - RADIUS CAPABILITY 

HI-LO-LO-HI SAR MISSION PROFILE 
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condition (Section 3. 2. 1.3). Consequently the tilt rotor can 
hover at higher gross weights relative to the midpoint gross 
weight than the stowed rotor. 

3. 3. 3. 2. 3 Payload- Radius 

Figure 3-27 shows the mid-point payload-radius performance of 
the tilt rotor based on the HI-LO-LO-HI mission. Because this 
aircraft uses less mission fuel than the stowed rotor, it has 
a flatter payload-radius curve. 
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GROSS WEIGHT: 15631 LB 


NOTES : 


1. Standard Day 

2. Cruise Mode (i N =0°) 

3. Rotor Tip Speed: 525 FPS 


1.1 v s 

5 p=4 0 



DESIGN x * 
CRUISE \ 
CONDITIONS 


1.1 V s 

o F =0 c 


TORQUE 

LIMIT 


TRUE AIRSPEED KT . 


FIGURE 3-25: TILT ROTOR FLIGHT ENVELOPE 
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NOTES : 

1. USAF SAR HI-LO-LO-HI 

Mission Profile 

2. Payload Carried Inbound Only 


PAYLOAD 
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FIGURE 3-27: TILT ROTOR PAYLOAD-RADIUS CAPABILITY - 

SAR HI-LO-LC-HI MISSION PROFILE 
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4.0 PRELIMINARY DESIGN OF STOWED ROTOR RESEARCH AIRCRAFT 
4.1 DESIGN CONSIDERATIONS 

Three possible approaches which would provide the USAF with a 
rescue demonstrator were considered: 

(a) Build two complete stowed rotor rescue aircraft 
for USAF in addition to the two tilt rotor 
research aircraft planned for NASA. 

(b) Modify the two NASA tilt rotor aircraft, after 
completion of the NASA tests, to a stowed rotor 
configuration for USAF evaluation. 

(c) Modify one or both of the NASA tilt rotor air- 
craft, after completion of the NASA tests, to 
provide a tilt rotor rescue aircraft for USAF 
evaluation. 

The first approach, building two comp]ete stowed rotor aircraft 
for the USAF has the advantage of providing USAF stowed rotor 
demonstrators essentially independent of the NASA program, and 
would provide the earliest USAF aircraft, since there is no 
need to wait for completion of NASA tests. However, it is 
also the most expensive approach. The only cost benefit derived 
from the NASA program would be in the design area. Since it 
has been made clear that the USAF could not fund a separate 
demonstrator program, this approach was not pursued further, 
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The second approach, modifying the NASA aircraft to a stowed 
rotor configuration after completion of the NASA tests, delays 
the USAF program, but results in a substantial cost saving. 

The NASA fuselage and landing gear can be used with no modi- 
fication other than providing a hoist installation and some 
local structural reinforcement at the aft end. The wing can 
be used with modifications. The rotor control system 

can be used almost unchanged. This approach was selected for 
the program definition of Section 4 of this report. 

The third approach, modifying the NASA aircraft to a tilt 
rotor rescue configuration after completion of the NASA tests, 
does not, of course, provide the USAF with a stowed rotor air- 
craft. The basic capabilities and characteristics of the tilt 
rotor configuration will be established daring the NASA program, 
which will include not only performance and flying qualities, 
but also environmental effects such as downwash. A good 
general evaluation of the suitability of the tilt rotor con- 
figuration for the rescue mission could be obtained from the 
NASA data with no additional effort. This could be supple- 
mented by providing a rescue hatch and winch, permitting both 
dummy and live pick-ups, and by installing a turret for 
weapons firing tests. The items, however, are relatively 
short lead time, and would not need to be initiated before 
first flight of the NASA aircraft. This approach was there- 
fore not pursued further at this time. 
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4.1.1 ENGINE SELECTION AND PLACEMENT 

A stowed rotor aircraft designed for operational use would use 
the convertible cruise fan concept for propulsion (see, for 
example, Reference 5) . In this concept a core engine is used 
to drive a variable-pitch fan (such as the Hamilton- Standard 
"Q-Fan") or the rotors depending on the flight mode. Since 
fans of this type are not yet available on the production 
basis (which was one of the ground rules for engine selection) , 
it was necessary to use separate engines for cruise and hovc** 
for the demonstrator aircraft. The T-53 engines were retained 
to power the rotors. These were moved to the underwing loca- 
tion to permit the rotor blades to be folded flat along the 
rotor nacelles. 

No specific performance conditions were specified as criteria 
for cruise engine selection. It was considered necessary that 
the aircraft not be thrust-limited in cruise and desirable that 
it be able to approach the drag-divergence Mach number at high 
altitudes . 

Two candidate engines were found in the desired thrust class 
(F n =3000 lb, SL/STD , static). These were the Garrett/Airesearch 
TFE731-2 rated at 3500 lb thrust and the AVCO/Lycoming L^F-301B 
rated at 2900 lb. Both engines gave adequate performance but 
the Garrett engine enjoys the advantage of being in an advanced 
state of development. Since it also gave better performance, 
the Garrett engine was selected for the cruise propulsion role. 
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Several locations were considered for placement of the cruise 
engines. The aft fuselage location was rejected immediately 
because it would have created severe balance problems and be- 
cause it would have required extensive modifications to the 
fuselage. The underwing location, on the other hand, caused 
no balance problem and would be simplest to incorporate into 
the design of the aircraft. Consequently, the cruise engines 
were placed under the wing, far enough outboard to minimize 
fuselage-nacelle interference, but close to the wing to provide 
a rigid mount and not influence the turnover angle. 

4.1.2 MISSION PROFILE 

A simulated search and rescue mission was used as a basis for 
computing the design gross and fuel weights for the aircraft. 
The mission profile used is shown in Figure 4-1. This mission 
profile is designed to simulate the use of the aircraft to 
investigate air terminal approach and departure operational 
procedures with the stowed/tilt rotor aircraft. 

4.1.3 AIRCRAFT DRAG 

The parasite drag breakdown for the aircraft is shown in 
Table 4-1. The drag area increments for the fuselage, wing, 
empennage, and landing gear pods were taken from the March 
1972 drag breakdown for the M222 Tilt Rotor Research aircraft. 
New estimates were made for the tip pod and rotor engine 
nacelles. The cruise engine nacelle drag increment was 
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1. Warm-up, taxi, and takeoff: 2 min @ maximum power 

2. Climb to 10,000 ft at military power and speed for max R/C 

3. Cruise out at speed for 99% best range at 10,000 ft. 

4. Takeoff, hover, or land at L/W=1.0 for 28 min. 

5. Loiter for 5 min. 

6. Takeoff, hover, or land at L/W=1.0 for 5 min. 

7. 10% (initial) fuel reserve at end of mission. 

NOTES : 

1. Climb/cruise distance determined by one-hour total 
flight time duration. 

2. All operations at sea level/std conditions unless 
otherwise noted. 

3. Sfc increased 5% per MIL-L-5011A 


Figure 4-1. Research Aircraft Mission Profile 
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TABLE 

4-1 




MINIMUM PARASITE DRAG 

BREAKDOWN 

300 KTS 

, 10,000' STD 

i . , M= . 4 7 0 

Conf laudation: Stowed 

Rotor 





Research Aircraft 

1 

26 ' Rotor 



Re/ft. 



Drawing No. 

SK 24813 


COMPONENT 

WETTED 

1 

1 

INCREMENT 

fe 


AREA 

C f 

% 

f e 

(ft 2 ) 

FUSELAGE 

401 

.00205 

i 

.8221 


3-Dimensional Effects 



13.1 

.1074 


Excrescences 



8.2 

.0674 


Canopy 



9.1 

.0748 


Cross Section 



1.0 

.0082 


Roughness 



3.0 

.0247 

1.1046 

WING 

360 

.00267 


.9607 


3-D Effects 



67. 

.6440 


Excrescences 



7. 

.0669 


Gaps Flaps, Slats 






Ailerons, Spoilers 



34. 

.3244 


Body Interference 




.5921 

2.5212 

HORIZONTAL TAIL 

114 

.0289 


.3295 


3-D Effects 




.1051 


Excrescences & Gaps 




.0481 


Interference 




.0082 

.4909 

VERTICAL TAIL 

87.6 

.00277 


.2427 


3-D Effects 




.0619 


Excrescences & Gaps 




.0339 


Interference 




.00316 

.3417 

NACELLES, ROTOR 

220 

.00229 


.504 


3-D Effects 



8.4 

.042 


Excrescences 



23.0 

.116 


Interference 



15.6 

.079 


Blades (Folded) 



30.5 

.154 

.895 

nacelles, rotor engine 

84 

.00250 




Discrete Roughness 




.0064 


Excrescences 




.0976 


Interference 




.0618 


Inlets 




.8250 


Base and Boattail 




.2064 

1.4072 

NACELLES, CRUISE ENGINE 

120 




1.0 

LANDING GEAR POD 

92 

.00244 


.2245 


3-D Effects 




.0351 


Excrescences 






Interference 




.0666 

. 3995 

TOTALS 

1179 ' 




8.160 
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obtained from the estimate made for the parametric study 
(Section 3. 2. 1.5). It was assumed that the rotor engines are 
shut down in cruise and that there is no flow through the 
nacelles. Actually/ there will be some leakage through the 
engine which would reduce the inlet and base drag increments 
but the no-flow condition was retained for conservatism. 

4.2 AIRCRAFT DESCRIPTION 

4.2.1 GENERAL 

The Stowed Rotor Research Aircraft (Figure 4-2) is a conversion 
of the Boeing Vertol Model 222 Tilt Rotor Research Aircraft. 

The stowed rotor version will use essentially the same 26 foot 
diameter soft-in-plane rotor except that a new hub will 
be made to allow blade folding. The basic configuration of 
the tilt rotor will be retained although there will be differ- 
ences in detail design resulting from the addition of the cruise 
engines, relocation of the rotor-drive engines, and incorporation 
of blade folding. 

The aircraft has four engines: two to drive the rotors and 

two for cruise propulsion with rotors folded. The rotors are 
driven by modified Lycoming T53-L-13B turboshaft engines rated 
at 1550 SHP. These are mounted beneath the wings and drive 
the rotors through a cross-shafted drive system. The cruise 
engines are Garrett/Airesearch TFE731-2 turbofans rated at 
3500 lb static thrust. These engines are also mounted beneath 
the wing inboard of the rotor-drive engines. 
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In flight the rotors tilt from the hover position (rotor 
disc horizontal) to the cruise position (rotor disc vertical). 
The turbofan engines are then brought up to cruise thrust and 
the rotor engines are shut down and declutched from the rotors. 
The rotor blades are then feathered and the rotor slowed to a 
stop. The blades are then folded and stowed as described in 
Section 3.3.1. This procedure is reversible at any point to 
enable the aircraft to reconvert a/a 1 retransition to the hover 
configuration. 

The control systems of the tilt rot.or research aircraft will 
be utilized in the stowed rotor aircraft. Collective and 
cyclic pitch of the rotors, together with nacelle tilt, provide 
control power in hover. In the cruise mode, control is by 
conventional airplane elevators, rudder, flaperons and spoilers. 

Leading edge "umbrella" flaps and large deflection trailing- 
edge flaps reduce download and ground effect turbulence in 
hover. Operation of flaps, umbrellas and elevators, as well 
as phasing out of the rotor controls, is programmed to relieve 
pilot workload. A limited authority stability augmentation 
system (SAS) includes feedback from angle of attack, yaw angle 
and dynamic pressure during hover and STOL conditions. This 
provides increased static stability and reduces blade loads 
to increase fatigue marginn. The aircraft can be flown with 
the feedback system inoperative. 
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4.2.2 DESIGN MODIFICATIONS TO TILT ROTOR RESEARCH AIRCRAFT 
The USAF stowed rotor research aircraft design concept is based 
on ti.j Boeing Vertol M222 Tilt Rotor Research Aircraft, To keep 
costs to a minimum, the maximum number of parts common to the 
M2 2 2 aircraft will be used. 

In order cc achieve this the following changes will be made to 
the M222. 

4.2.2. 1 Drive System 

4. 2. 2. 1.1 Rotor Drive and Engine 

The engine nacelle in its present location on the M222 prevents 
blade folding so the T53-L-13B engine and nacelle must be 
relocated. it is proposed that they be mounted just inboard 

of the tilt nacelle beneath the wing at about W/S 160. The 

/ 

wing must be modified extensively to accommodate engine mounting; 
reorientation of the modified engine transmission and - new 
in-line bevel transmission with an overrunning clutch mechanism 
incorporated. The existing interim bevel transmission is moved 
from the outboard pivot position to the inboard position and a 
new ] C0% capacity pinion cartridge is plugged into the inboard 
side of the main transmission. One hundred percent (100%) 
capacity shafting is required from the engine to the rotor 
transmission. The existing 50%, capacity cross shafting is 
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used between the in-line bevel boxes thus maintaining the 


one engine inoperative capability. The fuel cells affected 
locally by the engine relocation would have to be modified 
for clearance. Rerouting of lube lines and engine controls 
wo Id be r.t cessary as would redesign of the engine mounting 
and engine nacelle fairings. 

4. 2. 2. 1.2 Rotor Hub and Nacelle 

A new folding rotor hub is required along with an extensive 
developmental test program. The operation of the proposed 
folding rotor hub shown in Figure 3-15 is described in Sec- 
tion 3.3.1. A stacked bearing retention system is used because 
the magnitude of collective pitch required to feather the blades 
cannot be accommodated by the existing elastomeric design. The 
elastomeric bushings become excessive in length when designed 
to the larger collective range and cannot be housed in the 
available space. Redesign of the blade socket is required but 
the basic blade construction may be used as is. The inboard 
trailing edge of the cuff must be modified to provide clear- 
ance with the upper controls in the initial stage of folding. 

A new pitch link/actuator which nnst be developed and exten- 
sively tested is required to provide the feather pitch capability 
without an increase in the space reqiired for upper controls. 
Apart from the pitch link change, the upper controls remain as 
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designed. A rotor hub indexing mechanism is required to index 
the rotor blades into the correct position for folding. The 
nacelle rear fixed fairing must be redesigned to provide a 
support structure and blade securing lock mechanism for the 
folded blades. The forward nacelle which is the tilting por- 
tion requires an extensive fairing change to provide a flush 
platform for the folded blades. The tilt actuator system can 
be used as is. 

4. 2. 2. 1.3 Rotor Transmission 

A redesign in the rotor transmission is required to 
accommodate the rotor fold actuator and servovalve system. 
Removing the input pinion from the outboard side and blanking 
the outboard side is also required. Redesign of the spinner 
is then necessary to fair the folded hub. The installation 
of appropriate hydraulic lines and fold position indicators 
completes the nacelle changes. 

4. 2. 2. 1.4 Cruise Flight Jet Thrust Engine 

The engines used for the cruise configuration and during the 
folding of the rotors are Garrett-Airesearch TFE-731-2 Turbo- 
fans. These engine nacelles will be positioned immediately 
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beneath the wing at approximately w/S 110. This location 
was preferred to a location on the aft fuselage which creates 
an aircraft balancing problem and would require estensive 
rework to the aft fuselage. 

The engine nacelles are kept close to the wing in order to 
retain an adequate aircraft turnover angle and to minimize 
the effect of the jet thrust vector on the aircraft trim. 

This installation requires local strengthening of the wing 
to take the shear loads induced by engine weight and thrust 
loads . 


4.2.2. 1.5 Empennage 

The empennage requires complete redesign to the "T" tail con- 
figurat on. The original position of the horizontal stabil- 
izers would have caused adverse affects due to the impinge- 
ment of the turbofan exhaust. Redesign of new elevators and 
control linkages in the aft fuselage will be required. 
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4. 2. 2. 1.6 Wing 

In addition to the reinforcement described in Sections 4. 2. 2. 1.1 
and 4. 2. 2. 1.4, changes will be required in both the download 
alleviating umbrellas and the flaperons. These changes are 
necessary because of the repositioning of the T53-L-13B nacelle 
and the addition of the TFE-731-2 nacelle. Changes to the 
umbrella section are necessary for opening clearance with the 
TFE-731-2 turbofan engine and will include lengthening the 
outboard section and shortening the inboard section. Station- 
ary fairings are then required immediately above the engine. 

The flaperons will be modified to prevent shrouding the T53-L- 
13B exhaust during hover operation by lengthening the inboard 
flap and shortening the outboard flap. Again a stationary 
trailing edge fairing is required immediately above the engine. 

4. 2. 2. 1.7 Fuselage 

Only minor changes to the fuselage are required, changes 

to the cockpit include the addition of cruise engine controls 
and instruments and the controls and instruments required for 
the rotor fold system. Some structural reinforcement may be 
required in the aft fuselage to support the T-tail. Also, it 
may be necessary to add fuselage fuel cells to accommodate the 

required fuel load. New landing gear and beef up of the 
landing gear attach point and support structure is required to 
accommodate the higher gross weight. 
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4 . 2 . 2 . 2 USAF Search and Rescue Demonstrator 

It is proposed that the stewed and/or tilt rotor research 
aircraft be modified as shown in Figure 4-3 to demonstrate 
the rescue capability of tijhe stowed rotor vehicle. 

The preparation of this demonstrator will include the installa- 
tion of a rescue winch and cable similar to that of the CH-46 
and the installation of all applicable electrical and hydraulic 
subsystems . 

The rescue cable will pass through a system of pulleys exiting 
from cabin door. The cantilever door necessitates the 
redesign of the door aperture structure to increase the 
load carrying capability. 

Since the litters will not be required for the rescue demon- 
stration/ sample installation only will be made which will de- 
monstrate the method of installation. 

4.2.3 WEIGHTS 

The weight empty of the stowed rotor research aircraft is 
11/589 pounds. It was developed using the Boeing-Vertol Model 
222 tilt rotor research aircraft group weight statement (Weight 
Empty 9230 pounds) as a base/ Reference 2. The tilt rotor weight 
was adjusted as necessary to reflect the modifications asso- 
ciated with the stowed rotor configuration as described in 
Section 4.2.2. Table 4-2 presents the Model 222 group weights/ 
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FIGURE 4-3 RESEARCH AIRCRAFT PROVISIONS FOR RESCUE DEMONSTRATION 
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a general description of the changes required to make a stowed 
rotor configuration and the resulting group weights of the 
stowed rotor aircraft. 


The design gross and fuel weight solution for the aircraft 
was obtained by plotting fuel weight required and fuel avail- 
able versus gross weight as shown in Figure 4-6. Fuel re- 
quired is shown for the basic one-hour mission and one with a 
six minute reduction in duration. Fuel available lines are 
shown for three values of instrumentation weight. The design 
gross weight, corresponding to a 1000 pound instrumentation 
payload (consistent with the March 1972 study) and a one hour 
mission is 15,750 pounds. Fuel required is 2726 pounds. 


The sensitivity of gross weight and fuel required to instru- 
mentation payload and mission duration can be directly read 


from the curves of Figure 4-4. The following values are ob 
tained: 


INSTRUMENTATION 
WEIGHT 

600 

800 

1000 

**Design Gross Weight 


GROSS WEIGHT/FUEL WEIGHT LB 


1-HR PUR. 
15230/2606 
15480/2656 
15750*/2726 


.9 -HR PUR. 
15020/2396 
15250/2426 
15500/2476 


4.2.4 PERFORMANCE 

The performance characteristics of the stowed rotor research 
aircraft are summarized in Figures 4- 1 ), 4-6, and 4-7. 
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Out-of-ground-ef f ect hover capability at L/W«1.0 is shown in 
Figure 4-5 for standard and 95°F day conditions. The download/ 
thrust ratio has been increased by one percent of thrust over 
the tilt rotor research aircraft (See References 1 and 2) to 
6%. The additional 1% is estimated to account for the addi- 
tion of the cruise engine nacelles and the resulting reduction 
in download device area (flaps and umbrellas) . 

Maximum OGE hover gross weight for sea level/ standard day 
conditions is 15,300 pounds. Since this is less than the 
design gross weight of 15,750 pounds, it will be necessary to 
make a STOL takeoff for the full one hour research mission of 
Figure 4-1 with the 1000 pound instrumentation package. Ground 
roll will be approximately 140 feet and distance over a 50 foot 
obstacle will be 300 feet. VTOL takeoff can be made if the 
fuel load is reduced to 2426 pounds and the gross weight is 
reduced to 15,300 pounds. Mission duration under these condi- 
tions shown in Figure 4-1 are held constant (35 minutes and 5 
minutes respectively) and only the cruise time is reduced (from 
17 minutes to 6 minutes). However, a one hour mission can be 
flown with VTOL takeoff at 15,300 pounds gross weight by re- 
ducing the total hover time from 35 minutes to 19 minutes and 
increasing the cruise time from 6 minutes to 33 minutes. In 
all cases, time to climb is approximately 3 minutes. 

Level flight performance is summarized in Figure 4-6. Pre- 
sented are speed and Mach number envelope and specific range 
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data for 15750 lb gross weight and standard day conditions. 

The aircraft is in the rotors-folded configuration with fan 
engines operating. 

The speeds shown cover the range from stall to normal power 
speed. The aircraft is actually design limited to 350 KEAS 
or M».567; the higher normal power speed is shown to indicate 
the ultimate speed capability of the aircraft. 

The drag divergence Mach number for the aircraft is also shown 
for reference. The values shown are consistent with the 63- 
series airfoil used in the Model 222 tilt rotor wing. As noted 
in Section 3. 2. 1.2, however, M DD could be raised somewhat by 
using an advanced airfoil. 

Best climb performance at 15750 lb GW is shown in Figure 4-7 
for standard day conditions. The results indicate very sub- 
stantial climb capability with an absolute ceiling in excess 
of 35,000 ft. 
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MACH NUMBER ENVELOPE SPECIFIC RANGE 




FLIGHT MACH NUMBER SPECIFIC RANGE - NMPP 

RESEARCH AIRCRAFT LEVEL FLIGHT 
UMMARY - 15,750 LB. GW 
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NOTES : 


1 . Standard Day 

ALTITUDE 2. Rotors Folded 

-FT. 3 . Fan Propulsion Mode 



FIGURE 4-7; STOWED ROTOR RESEARCH AIRCRAFT CLIMB 

PERFORMANCE - 15750 LB. GW. 
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5.0 PROGRAM COSTS AND SCHEDULES 

Section 5.0 of this volume, comprising pages 91 to 110 
has been removed since it contained information considered 
proprietary to the Boeing Vertol Company. 
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6.0 WIND TUNNEL TEST PLAN FOR A FULL SCALE 
STOWED ROTOR RESEARCH AIRCRAFT 

6.1 OBJECTIVES 

1. Define the aerodynamic characteristics of the 
aircraft in the cruise configuration 
(rotors folded) . 

2. Verify the dynamic characteristics of the 
rotor/wing combination for steady windmilling 
conditions. 

3. Confirm the power-on stability , control, and 
performance from hover, through transition, 
to maximum tunnel speed. 

4. Define the collective pitch schedule to 
minimize transient longitudinal force and 
blade loads during rotor spin-up and stopping. 

5. Demonstrate cruise engine start-up. 

6. Define overall longitudinal force transients 
during thrust transfer from rotors to cruise 
engines, spin-down, and folding to optimize 
the conversion process and define pilot work- 
load. Also define these characteristics during 
conversion from cruise engine mode to rotor mode. 
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6.2 MOUNTING 

The model support structure at the Ames 40 , x80' wind tunnel 
is a three-point support system. A recommended installation 
of the stowed rotor aircraft is shown in Figure 6-1. This 
system is based on minimizing strut/strut/airframe aerodynamic 
interference and eliminating mechanical interference during 
the folding tests. It is a different mounting system from 
that proposed for the tilt rotor aircraft test, because the 
struts from that mount attach outboard on the wing and would 
interfere with the cruise engine nacelle and with the rotor 
blades during folding. For the stowed rotor, the forward 
support struts are attached to the main landing gear attach- 
ment structure. Modifications have been made to the forward 
support struts to incorporate both lateral and longitudinal 
crank, positioning the vertical members approximately 5 feet 
spanwise fr the fuselage centerline and maintaining the 
aircraft center of gravity at the virtual center of the tunnel 
balance. 

An analysis of the dynamic response of the aircraft on this 
mounting system will be performed. This will establish the 
mount s* Irfness required to prevent the coalescence of the 
airframe and rotor natural frequencies. 
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6.3 INSTRUMENTATION AND DATA REQUIREMENTS 

A list of the instrumentation and data required is shown in 
Table 6-1. Since the model is a fully-instrumented research 
aircraft, the majority of the required instrumentation is in- 
tegral to the aircraft. Modifications will be made to the on- 
board instrumentation system to permit remote display of the 
key parameters. In addition, a remote control and display 
panel will be utilized for external monitoring and control of 
the following aircraft functions: 

a. Flight controls, both airplane and rotor 

b. Engine controls for both turbofan and 

turboprop engines 

c. Controls for rotor folding 

d. Remote display of selected data 

Conventional data recording and reduction will be carried out 
on-site at the wind tunnel. Key data will be reduced and re- 
corded on-line in standard format. 

6.4 TEST APPROACH 

The model will be tested with the rotors in the folded con- 
figuration to verify predicted levels of stability and control 
and total airplane drag. Tests will be conducted with rotors 
windmilling (unpowered) at the high speed end of transition 
and up to 200 kts to confirm the predicted aero-elastic 
stability levels. Powered-rotor testing will then be conducted 
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STOWED ROTOR INSTRUMENTATION AND DATA REQUIREMENTS 


TYPE OF DATA 

INSTRUMENTATION AND DATA REQUIREMENTS 

1. Operating Conditions 

Outside Air Temperature 

Airspeed 

Altitude 

Time 

Once Per Revolution Indicator 
Rotor Speed 
Rotor Collective 
Nacelle Incidence 
Pitch Angle/Yaw Angle 

2. Performance 
(Turbo Prop 
& 

Turbo Fan 

Engines) 

Fuel Flow 
Fuel Temperature 
Compressor Speed (N^) 
Turbine Inlet Temperature 
Engine Torque 

3. Control Positions 

Longitudinal Stick 
Lateral Stick 
Directional Pedals 
Inboard Flaps 
Outboard Flaps 
Spoiler 

£.washplate Position and Angle 
Blade Fold Angle Indicator 
Elevator 
Rudder 

Actuator Positions including 
Nacelle Tilt Actuator 

4. Aircraft Attitude 
and Accelerations 

Pitch Attitude 
Yaw Attitude 

Vertical Accelerations - Nacelle 
Longitudinal Accelerations - Nacelle 
Angular Accelerations - Nacelle 

5. Rotor Non-Rotating 
Control Systems 
Loads (Both Rotors) 

Main Actuators - Tension 

6. Rotor Rotating 

Control Systems 
Loads (Both Rotors) 

Pitch Link 1 
Pitch Link 2 Tension 
Pitch Link 3 
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TABLE 6-1 (continued ) 

STOWED ROTOR INSTRUMENTATION AND DATA REQUIREMENTS 


TYPE OF DATA 

INSTRUMENTATION AND DATA REQUIREMENTS 

7 . Rotor Shaft Loads 

Bending 

Shear 

Rotor Torque 
Cross Shaft Torque 
Cross Shaft Bending 

8 . Blade Loads 

Flap Bending 

(Both Rotors) 

Chord Bending 
Torsion 

9. Aircraft Loads 

Nacelle Pitching Moment 
Nacelle Yawing Moment 
Wing Vertical Bending 
Wing Chord Bending 
Wing Torsion 

10. Aircraft Control 

Inbaord Flap 

Loads 

Outboard Flap 
Spoiler 

11. Total Aircraft 

Lift 

Force & Moment 

Drag 

Data 

Sideforce 
Pitching Moment 
Rolling Moment 
Yawing Moment 
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to define the aircraft stability, control, and performance 
throughout transition. 

The next series of tests will cover the spin-up from feathered 
condition and the spin-down from windmilling state to rotor 
feather. The objective will be to refine the collective pitch 
schedules required to minimize transient longitudinal forces 
during the conversion and to establish the effects on aircraft 
stability . 

Cruise engine start-ups will be demonstrated and engine per- 
formance will be monitored. 

A series of tests will then be performed to simulate a full 
conversion from rotor mode to cruise engine mode. The sequence 
and timing of the events will be studied to optimize the con- 
version process and to define the pilot workload. A typical 
sequence of events and the resulting longitudinal force history 
is shown in Figure 6-2. The conversion from cruise engine 
mode to rotor mode will also be studied. 

The test is estimated to require three weeks, double shift 
plus three weeks installation and checkout. 
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